A comprehensive study of single and double core ionization potentials of the aminophenol molecule is reported. The role of relaxation, correlation, relativistic, and basis set effects in these potentials is clarified. Special attention is paid to the isomer dependence of the single and double core ionization potentials. Some of them are also compared with the respective values of the phenol and aniline molecules. It is shown that the core level single ionization potentials of the para-, meta-, and ortho-aminophenol molecules differ only slightly from each other, rendering these structural isomers challenging to distinguish for conventional x-ray photoelectron spectroscopy. In contrast, the energy needed to remove two core electrons from different atoms depends noticeably on the mutual arrangement and even on the relative orientations of the hydroxyl and amine groups. Together with the electrostatic repulsion between the two core holes, relaxation effects accompanying double core ionization play a crucial role here. The pronounced sensitivity of the double ionization potentials, therefore, enables a spectroscopic characterization of the electronic structure of aminophenol isomers by means of x-ray two-photon photoelectron spectroscopy.
I. INTRODUCTION
X-ray two-photon photoelectron spectroscopy (XTPPS) (Ref. 1) is a promising tool for probing the electronic structure of molecules. By measuring the kinetic energies of two photoelectrons generated via sequential absorption of two photons from a femtosecond x-ray pulse, core level double ionization potentials (DIPs) of a chemical compound can be obtained. The duration of the pulse plays an important role and must be short enough to exclude Auger decay of the first core vacancy before the second x-ray photon is absorbed. The utility of XTPPS was first demonstrated theoretically by the example of the para-aminophenol (p-AP) molecule 1 whose XTPPS spectrum was constructed by making use of pulse parameters of the Linac Coherent Light Source (LCLS). 2, 3 The first experimental production of double core hole states with the LCLS was performed recently for Ne (Ref. 4) and N 2 . 5, 6 Molecular core level doubly ionized states with both vacancies on the same atomic site can be formed without intense x-ray pulses, e.g., indirectly through core-core-core Auger decay. Extensive explorations of these states in the past (see, e.g., Refs. 7-9) have led, in particular, to establishing the Auger parameter or so-called "Wagner plots" concept 10 (see also the review paper 11 ) which still represents a convenient tool to study the chemical state of core ionized species including the relaxation effects. 12, 13 Nowadays, molecular doubly ionized states with core vacancies on the same atomic site can also be formed and identified by means of synchrotron radiation combined with multielectron coincidence detection [14] [15] [16] that extends the application of the above concept to the firstrow atoms and to the K-shell vacancies. a) Electronic mail: nikolai.kryzhevoi@pci.uni-heidelberg.de.
One may, however, encounter a situation when different chemical compounds can hardly be distinguished based on their measured core level single ionization potentials (IPs). Measuring one atomic site DIPs does not improve this situation as the sensitivity of such DIPs to the local environment and to the bonding properties is not critically better than the sensitivity of the single IPs. In contrast, doubly ionized states with core vacancies on different atomic centers and the respective DIPs are noticeably more sensitive to the chemical environment than the single and one-site double IPs as shown by Cederbaum et al. 17, 18 This fact gave rise to a number of subsequent studies aimed at clarifying different aspects of double core ionization and properties of two-site DIPs. [19] [20] [21] [22] The interest in this subject, however, faded away because experimental techniques capable of measuring two-site DIPs were not available at that time.
The development of x-ray free-electron lasers and their application in XTPPS has inspired a renewed interest in double core ionization potentials. Besides the measurements mentioned above, several other XTPPS experiments have recently been conducted and the results obtained are currently being analyzed. For a number of small molecules, K-shell DIPs have been calculated and various physical contributions to these potentials were thoroughly analyzed. 23, 24 A method was proposed for extracting relaxation energies from measured XTPPS spectra.
In our first paper on XTPPS, the para-aminophenol molecule was considered. 1 The OH and NH 2 groups in aminophenol can also be found in meta-and orthocombinations. The meta-aminophenol (m-AP) and orthoaminophenol (o-AP) molecules have, respectively, two isomers which we call A and B and which are distinguished by different relative orientations of the hydroxyl and amine groups: OH points towards NH 2 in the isomer A, and away from NH 2 in the isomer B. It is expected that differences in electronic and geometric structures of the distinct aminophenol isomers are better reflected in two-site DIPs than in single IPs. The calculations presented here show that this expectation is realized.
II. COMPUTATIONAL DETAILS
The electronic structure studies of aminophenol isomers were carried out in the present work at optimized molecular ground state equilibrium geometries. The geometry optimization was performed using the second-order Møller-Plesset perturbation theory in conjunction with the aug-cc-pVDZ basis sets 25 within the GAUSSIAN03 program suite. 26 The computed structures are shown in Fig. 1 .
Before analyzing the isomer dependence of the innershell single and double ionization potentials of aminophenol, we clarified the role of relaxation, correlation as well as basis set, and relativistic effects in these potentials. The corresponding calculations were done for the representative para-aminophenol (p-AP) molecule.
In the beginning, we obtained an overview of the complete single and double core ionization spectra of p-AP by means of Green's function or propagator methods within algebraic diagrammatic construction (ADC) schemes. 27, 28 To make the ADC and other post-Hartree-Fock calculations feasible, we had to use the relatively small 6-31G
* basis sets for oxygen and nitrogen and 6-31G for the other atoms. 29 The nth-order ADC scheme, ADC(n), is complete through nth order of the perturbation expansion of the corresponding Green's function and includes in addition infinite summations over certain classes of Feynman diagrams. The ionic main states are thus treated consistently through nth order in the ADC(n) scheme while the secondary excited states are treated consistently through lower orders. In the ADC(4) scheme, which we employed to calculate single core ionization spectra, these secondary states comprise single and double excitations in the presence of a core vacancy. In the ADC(2) scheme used for calculating double core ionization spectra, the secondary states are only single excitations. Then the selected inner-shell single and double ionization potentials were also calculated by means of the SCF (Ref. 30 ) and singles-and-doubles MRCI (multireference configuration interaction) methods where the ionization energies are obtained as the differences between the total energies of the ionic and ground states. The reference sets used in the MRCI calculations include all configurations with the CI coefficients larger than 0.04. Besides the respective ground and main ionic configurations, these are the dominant ππ * double excitations. By virtue of such calculations, we gained access to the relaxation and correlation energies associated with single and double core ionization.
In addition, we estimated relativistic effects by performing relativistic calculations with the zeroth-order regular approximation (ZORA). Like other approximate two-component approaches (e.g., the Douglas-Kroll-Hess method), ZORA exploits a transformed four-component Dirac Hamiltonian. This relativistic method is known to be accurate, numerically stable and cheap and, therefore, we have chosen it to estimate relativistic effects (see, e.g., Refs. 31, 32 and references therein).
By utilizing the SCF method and the cc-pVXZ (X = D,T,Q) basis sets, 25 we got insight into the basis set dependence of the inner-shell IPs and DIPs and, moreover, have established the complete-basis-set limits of these potentials at the SCF level through an extrapolation of the results obtained in the sequence of computations.
Finally, we studied the isomer dependence of the innershell IPs and DIPs of aminophenol. The respective calculations were carried out for all five aminophenol isomers using the SCF method in conjunction with the cc-pVQZ basis set. The core level IPs and DIPs of the phenol and aniline molecules were also calculated for comparison.
The ADC results have been obtained by utilizing the respective ADC codes 33, 34 interfaced to the GAMESS-UK quantum chemistry package. 35 Both non-relativistic and relativistic SCF and MRCI calculations have been performed using GAMESS-UK. methods, respectively, are presented in Fig. 2 as stick spectra. The spectra of other aminophenol isomers look similar and we, therefore, do not show them. The single ionization spectrum [ Fig. 2(a) ] exhibits three groups of main lines at about 292, 406, and 540 eV corresponding to K-shell ionization of the atomic species C, N, and O, respectively. Since aminophenol has six non-equivalent C atoms, there are six distinct C 1s main lines in the respective carbon spectral group. However, they can hardly be distinguished in Fig. 2(a) because of rather small energy splittings between them.
III. INNER-SHELL SINGLE AND DOUBLE IONIZATION
The inner-shell double ionization spectrum [ Fig. 2(b) ] is much richer than the single ionization spectrum. It exhibits seven groups of main lines. For instance, a 1s vacancy on one C atom may be accompanied by a 1s vacancy on another C atom. This is symbolized by C i /C j in Fig. 2(b) ; C i /C i indicates that both 1s holes reside on the same C atom. It is apparent that the chemical shifts for all groups characterized by at least one C 1s hole are more pronounced than for the C 1s single ionization lines in Fig. 2(a) .
The removal of a core electron induces considerable relaxation of valence electrons. The presence of numerous satellites in core level spectra is indicative of this reorganization. In the single core ionization spectrum of p-AP, the pole strengths of the main lines are only 0.55-0.6 (for comparison, the pole strengths of main lines corresponding to outer-valence ionization usually exceed 0.8), meaning that 40%-45% of the total spectral intensity is distributed between shake-up and shakeoff satellites. These satellites are found in an energy region ranging from a few to several tens of eV above the respective main lines as seen in Fig. 2(a) .
A rich satellite structure is also found in the double core ionization spectrum of p-AP as seen in Fig. 2(b) . This is expected since a removal of two core electrons from a system induces even larger relaxation effects than in the case of single core ionization. We note, however, that the pole strengths of the main lines in the calculated double core ionization spectrum of p-AP are counterintuitively slightly higher. The total intensity acquired by satellites is thus lower and the satellites themselves are more separated from the respective main lines than in the single core ionization spectrum. However, we expect the contrary to apply and the recent experiments 15 support these expectations. This deficiency can be explained by the inability of the ADC(2) method to fully account for the relaxation effects induced by double core ionization. In order to describe these effects correctly and thus to obtain accurate energies and pole strengths of both the main and satellite lines in the double core ionization spectra, one would need, like discussed above for the case of single ionization, a fourth-order ADC scheme for the particle-particle propagator. This method is not yet available.
B. Decomposition of core level IPs and DIPs
Having gained insight into how the complete single and double core ionization spectra of p-AP look like, we address now the ionization potentials corresponding to the main single and double core hole states and discuss their constituent parts.
Conventionally, the single ionization potential related to a vacancy S −1 is decomposed as follows:
where the orbital energy with negative sign, -ε S , is an approximation for the ionization potential resulted from Koopmans' theorem (the frozen orbital approximation), and the terms R(S −1 ) and C(S −1 ) describe corrections due to relaxation and correlation effects, respectively.
The ionization potentials of the para-aminophenol molecule predicted by Koopmans' theorem are given in the first row of Table I . By making use of these results and of TABLE I. Selected K-shell single and double IPs of the para-aminophenol molecule, the repulsion, relaxation and correlation energies as well as relativistic corrections calculated as described in the text. The 6-31G* basis set was used for the oxygen and nitrogen atoms. Carbons and hydrogens were described with the 6-31G basis sets. All values are in eV. The carbon C 1 and C 4 atoms are adjacent to the OH and NH 2 groups, respectively. those computed with the SCF and MRCI methods, we can estimate the R(S −1 ) and C(S −1 ) contributions. The relaxation energies are obtained by subtracting the SCF ionization potentials from the corresponding core orbital energies. The correlation energies are the differences between the SCF and MRCI results. Both the derived relaxation and correlation energies are shown in Table I . As one can see, the relaxation effects play a far more important role than the correlation effects, and their accurate treatment is indispensable when describing core ionization.
The double ionization potential associated with two core vacancies S −1 i and S −1 j takes on the following appearance:
The new term E RE which has no analog in Eq. (1) accounts both for electrostatic repulsion between the two core holes and for exchange interaction if these holes occupy different atomic sites. Given that the core holes are well localized each on a different center, the exchange interaction between them is negligibly small and E RE can be described to a good approximation by the inverse of the distance r S i S j between the centers. The repulsion energy of two core holes created on the same atom can be described by the two-electron integral
In Table I , we collect the double ionization potentials of selected states computed with the SCF and MRCI methods. As in the case of single core ionization, we have estimated the relaxation and correlation energies associated with the removal of two core electrons. According to Eq. 
C. Relativistic corrections
A description of core ionization requires relativistic effects to be taken into account. This primarily concerns systems with heavy elements. In systems composed of light atoms, relativistic effects are usually small but not negligible. In the case of p-AP, the relativistic corrections for the single and double IPs vary from 0.14 to 0.98 eV depending on the atomic number and the ionic state (see the last row in Table I ). Note that for the light atoms considered here the relativistic correction for a given DIP is the sum of the relativistic corrections for the IPs of the two core holes formed. The same trend was discovered recently in small molecules.
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D. Basis-set convergence of core level IPs and DIPs
The basis set exerts a noticeable effect on the computed ionization potentials. For demonstration, we carried out SCF calculations where basis sets of sizes varying in a broad interval can be easily used, in contrast to post-HartreeFock calculations where a large basis set obviously represents an obstacle. We used the cc-pVXZ (X = D,T,Q) basis set suite. 25 This enabled us not only to get insight into the dependence of the single and double core ionization potentials on the quality of a basis set, but also to establish the completebasis-set (CBS) limits for these potentials by extrapolating the computed results, similar to what has been done for the ground-state SCF and correlation energies. 36 It turns out that the exponential three-parameter fit
where X is the cardinal number of the basis set, excellently describes the calculated core level IPs and DIPs. The parameters a corresponding to the CBS limits for selected states are given in Fig. 3 . This figure also shows the energy differences between the computed IPs and DIPs and their respective CBS limits. The changes in the IPs and DIPs as a function of the basis set employed are mainly due to changes of the relaxation energies. Since these energies are the biggest in the case of one-site double core ionization (the relaxation energy associated with a one-site DIP is approximately four times larger than that associated with the respective single IP), the corresponding DIPs are subject to the largest changes as a function of the basis-set size (see the OO and NN states in Fig. 3 ). Figure 3 clearly demonstrates that making use of the ccpVDZ basis set does not ensure reasonable accuracy of both the single and double ionization potentials. The relaxation energies are significantly underestimated here. Some ionization potentials cannot be well described even with the cc-pVTZ basis set. In contrast, the calculations with the cc-pVQZ basis set provide results which are very close to the CBS limits.
We note that the same applies also for the energy differences between the double and single ionization potentials which are used for deriving the relaxation energies.
14, 16 The above energy differences computed with the cc-pVDZ basis set exhibit significant deviations from the CBS results. On the other hand, the relative energies between states of the same type as, for example, between the carbon 1s levels, are much less sensitive to the choice of the basis set. This implies that a reasonably good description of the chemical shifts can be obtained even with a low-quality basis set.
IV. COMPARISON OF INNER-SHELL SINGLE AND DOUBLE IONIZATION POTENTIALS OF THE AMINOPHENOL ISOMERS
The present section deals with the isomer dependence of the K-shell single and double IPs of aminophenol. They have been computed by means of the non-relativistic SCF method in conjunction with the cc-pVQZ basis set. The big size of the cc-pVQZ basis set makes the respective MRCI calculations prohibitive. The MRCI calculations are, however, feasible for molecules smaller than aminophenol. In the Appendix, where we assess the accuracy of the SCF and MRCI methods, the calculated DIPs of several small molecules are compared with the experimental values. One can see that correlation effects are relatively small and their neglect still leads to reasonable agreement between the theoretical and experimental results. It is worth mentioning that the results shown in this section are very close to the SCF CBS limits of the inner-shell ionization potentials. Due to the excellent account for prevailing relaxation effects, the values calculated here are more reliable than those obtained in Sec. III at the post-Hartree-Fock level of theory using a smaller basis set and where the account for relaxation effects is, in general, deficient.
A. Single ionization potentials
The C 1s ionization potentials of a benzene molecule with its six equivalent carbon atoms are known to be essentially the same. 37 In substituted benzenes, this "quasidegeneracy" is lifted and an energy splitting between the C 1s −1 states thus arises. In contrast to aminophenol, only one substituent group is present in phenol and aniline and we first address ionization of these two molecules. The corresponding C 1s IPs are shown in panels (f) and (g) of Fig. 4 . They are also listed in Table S1 of the supplementary material. 38 In each spectrum, two groups of states can be distinguished as a consequence of distinctive properties of the carbons' neighbors. The highenergy group contains only one state describing ionization of the carbon atom adjacent to OH and NH 2 in phenol and aniline, respectively. The hydroxyl and amine groups withdraw electron density from the neighbors making the latter positively charged and their core level IPs larger. The corresponding energy shift with respect to the single IP of benzene calculated at the SCF/cc-pVQZ level of theory (290.34 eV, grey dotted vertical line in Fig. 4 ) is 1.08 eV in aniline and 1.81 eV in phenol. For comparison, the chemical shift associated with the carbon atom adjacent to fluorine in fluorobenzene is 2.44 eV. 39 These chemical shifts correlate with the electronegativity along the series NH 2 < OH < F.
The states associated with the carbons adjacent to hydrogen atoms form the second group. While in fluorobenzene, all 
FIG. 4. Calculated ( SCF/cc-pVQZ) K-shell single ionization potentials of the carbon atoms in the p-AP (a), m-AP(A, B) ((b) and (c), respectively), o-AP(A, B) ((d)
and (e), respectively) molecules as well as in phenol (f), aniline (g), and benzene (grey dotted line). The letters above the lines describe the positions of the hydroxyl (without the prime) and amine groups (with the prime) relative to the core ionized carbon atom: para (p), meta (m), ortho (o), and ipso (i).
these states exhibit positive chemical shifts, 39 in phenol only two states from this group have IPs larger than those of benzene and none of them has positive chemical shift in aniline which is in accord with the electron withdrawing power of the corresponding substituents. Note that the carbon atoms in the para and ortho positions relative to the site of ionization have lower IPs (the energy lowering is stronger in the para case) than the carbons in the meta positions due to resonance effects. The substituents act as π -electron donors for the para and ortho carbons but not for the meta carbons. It is also worth pointing out the differences in the IPs (particularly strong in the ortho case) of the carbon atoms located on the same and opposite site relative to the position of the hydrogen atom in the hydroxyl group. The former carbons lose more electron density through interacting with the dipole of the COH group and their IPs are thus larger.
The OH and NH 2 groups are present simultaneously in the aminophenol isomers. The C 1s IPs of these compounds are shown in panels (a)-(e) of Fig. 4 and also given in Table II . Often the effect of multiple substituents, e.g., on the chemical shift, is described in terms of an additivity model 39 where the total effect of the substituents is represented as a sum of independent effects of the individual substituents. We did not inspect thoroughly the performance of this model in the case of aminophenol since this is beyond the scope of the present paper. Only several IPs in different isomers were analyzed instead and only by using the linear additivity model. In general, the model performs well in all but the o-AP molecules. The chemical shifts of the two states marked by oi and io in the spectrum the o-AP(A) isomer (see Fig. 4 (e)) are particularly poorly reproduced by the additivity model. This can be explained by the substantial geometry changes in the ortho-aminophenol molecules compared to the geometries of the phenol and aniline molecules.
It is apparent that distinguishing the aminophenol isomers on the basis of their C 1s IPs is a rather challenging task. A peculiarity is found only in the spectrum of m-AP where the low-energy group of states exhibits a pronounced energy splitting.
Let us now look at the N 1s and O 1s ionization potentials of aminophenol. Their isomer dependence is shown in Fig. 5(a) (see also Table II) . As one can see, this dependence is also rather weak. The ionization potentials differ by a maximum of only 0.26 eV in the case of oxygen ionization and by a maximum of 0.47 eV when nitrogen is ionized. The largest effect is exerted by the relative orientation of the hydroxyl and amine groups in the o-AP molecule. We note that p-AP has lower IPs than m-AP which is in accord with the resonance effects rules. The IPs of the ortho-aminophenols do not strictly obey these rules. This might be due to the remarkably different geometries of these systems and, specifically in the case of o-AP(A), due to a formation of an intramolecular hydrogen bond between the OH and NH 2 groups.
B. Double ionization potentials
The double ionization potentials associated with two core vacancies created on the same atom bring little additional insight compared to the respective single ionization potentials. The main difference between these two types of potentials, apart from their absolute values, is that the energy separations in the manifold of the one-site DIPs are about 2-2.5 times larger than the energy separations in the manifold of the single IPs (see Fig. 5 ). A nonuniform increase of the energy separations may originate due to different repulsion energies between the two core holes as well as due to different relaxation effects induced by double core ionization in distinct aminophenol isomers. This can be inferred from the following representation of the one-site DIP derived from Eq. (2):
Note that the C(S −1 , S −1 ) term is omitted since we are dealing with the SCF results. It turns out that the repulsion energies described by V SSSS are affected neither by the mutual arrangement nor by the relative orientation of the OH and NH 2 groups. In contrast, ER(S −1 , S −1 ) called the excess relaxation energy 23 (known also as static relaxation 8 ) varies slightly from one isomer to another (see Table III ). As follows from its name, the excess relaxation energy describes non-additive relaxation effects originating upon creation of multiple core vacancies on the same atomic center. ER(S −1 , S −1 ) alone is nearly twice as large as the relaxation energy R(S −1 ) of a single core vacancy S −1 , and the total relaxation effects induced by one-site double ionization are thus about four times larger than the relaxation effects induced by single core ionization, being approximately quadratic in the hole charge.
Let us now consider two-site double ionization potentials of aminophenol. Those related to the N/O double core holes are presented in Fig. 5(b) . The state ordering in this manifold expectedly reflects the internuclear separations between the core ionized atoms in the aminophenol isomers: the greater the N-O distance, the smaller is the respective DIP. Note, however, that although the repulsion energies between O 1s and N 1s holes in p-AP and o-AP(A) differ by 2.57 eV, the difference between the respective DIPs is only 1.35 eV (see Table III ). The calculated two-site double ionization potentials N/C i and O/C i for all aminophenol isomers are shown in Figs. 6 and 7 , respectively. The carbon atoms are numerated in a clockwise manner starting from the atom adjacent to the OH group. The carbon atoms adjacent to the amine group have the index numbers 2, 3, and 4 in ortho-, meta-, and paraaminophenols, respectively. One expects that for each individual molecule, the N/C i and O/C i DIPs reflect differences in the N-C i and O-C i distances. However, this is often not the case. For example, the N/C 1 DIP in p-AP, despite the largest N-C 1 distance, is not the smallest one in the manifold of the N/C i potentials. One of the reasons has to do with the single IP of the C 1 1s vacancy which is the largest among the car- 
Together with the repulsion energy and the ionization potentials of single core vacancies, the interatomic relaxation energy IR(S An analysis of the N/O DIPs shows that their reduced sensitivity to the chemical environment may be traced to the interatomic relaxation energy. As seen from Table III, the latter varies substantially from one isomer to another. In each o-AP molecule where the oxygen and nitrogen atoms reside on one side, IR(O 1s −1 , N 1s −1 ) is positive and the respective DIP is thus lowered. Here the environment supplies the ionized oxygen and nitrogen atoms, which work cooperatively, with the electron density that enhances the overall relaxation effects. In contrast, in the para-aminophenol molecule O and N locate on the opposite molecular sides and the overall re- laxation effect is smaller than expected due to the negative interatomic relaxation energy IR(O 1s −1 , N 1s −1 ). A part of the electron density of the atoms between N and O, instead of flowing completely to one ionized site as in the case of a single core hole, has to be shared now between two ionized sites. 17 The respective DIPs thus increase. The same situation is found in the case of N/C i and O/C i double ionization. The corresponding interatomic relaxation energies are represented as the vertical lines in Fig. 8 for all the five aminophenol isomers as well as for the phenol and aniline molecules. Four groups of states are distinguished in each spectrum according to the mutual positions of the core ionized substituent group and carbon atom. In the energy decreasing order, these states correspond to the ipso (i) ortho (o), meta (m), and para (p) positions. The letter shown alongside of each line in the spectra of the aminophenols indicate the position of the second, neutral, substituent group relative to the carbon atom with the core vacancy. When the two core holes are created in the adjacent atoms (the ipso position), they work together to polarize the rest of the molecule and the relaxation energy is by about 4 eV larger than the sum of the relaxation energies associated with the individual core holes. As soon as the two holes move apart, their cooperation weakens rapidly. As one can see, in the ortho position the gain in the relaxation energy does not exceed 0.6 eV. The holes start to work against each other when they are in the meta and para positions. The environment between the holes is depolarized, especially in the latter case, compared to the situation when only a single core hole is created (see also Ref. 17) . The interatomic relaxation energy thus gets negative. By comparing the interatomic relaxation energies of aminophenols with those of phenol and aniline, one sees that with a few exceptions the effect of the second substituent is rather small. In the majority of cases, the presence of another substituent increases the interatomic relaxation energy. Likely, due to the resonance effects, the energy increases are usually larger when the neutral substituent group is in the para and ortho positions than in the meta and ipso ones relative to the core ionized carbon atom.
The above trends seem to hold even when correlation effects are taken into account. In the absence of MRCI/ccpVQZ results, we draw this conclusion on the basis of the MRCI/6-31G * data from Sec. III obtained for all five aminophenol isomers. We found that for the atoms and atomic pairs from Table I , the orderings of the related IPs and DIPs remain unchanged upon adding the correlation contributions, although the energy spacings do change. We do not exclude the possibility, however, that some close lying potentials, in particular those with a vacancy on a carbon atom, do interchange their positions in the spectra in response to electron correlation.
V. SUMMARY AND CONCLUSIONS
The double core ionization potentials, especially those related to states with two core vacancies on different atomic centers, are more sensitive to the chemical environment than are the single core ionization potentials, and the present exploration of the para-, meta-, and ortho-aminophenol molecules has provided additional support for this fact. Structural differences between distinctive isomers are an obvious reason for the enhanced sensitivity of the two-site DIPs. Our study has demonstrated that, in addition, electronic relaxation and, to a much lesser extent, correlation accompanying double ionization lie at the heart of this phenomenon.
The relaxation energy constitutes a substantial part of core level single and double ionization potentials and this should be taken into account when choosing the computational method and the basis set. For single core levels, the SCF method is known to perform well in treating relaxation effects. The comparison of the experimental DIPs with the respective SCF results for several small molecules made in the Appendix has shown that SCF works well also in the case of double core ionization. The amount of the relaxation energy accounted for in computations and thus the quality of the calculated single and double ionization potentials depends, however, significantly on the basis set used. In most cases, the cc-pVTZ basis set already leads to reasonable results. The SCF/cc-pVQZ results for single and double IPs are in excellent agreement with the respective complete-basisset limits.
The relaxation energy is not an additive quantity. A creation of a second core hole on the same atom, for example, enhances the relaxation energy approximately four times. Deviations from additivity of the relaxation energy are not as dramatic in the case of two-site double ionization. In spite of their smaller magnitudes, these effects, however, significantly influence the sensitivity of the two-site double ionization potentials to the chemical environment. Importantly, the nonadditivity effects depend strongly on the positions of the core ionized atoms relative to each other in the molecule.
Relativistic effects play a minor role for the light atoms present in the aminophenol molecule. Interestingly, the relativistic corrections for inner-shell double ionization potentials turn out to be additive.
Correlation effects are taken into account in the paper at the singles-and-doubles MRCI level of theory. According to our calculations performed for some small molecules (see the Appendix), a combination of this method with a suitable basis set is able to provide a reliable description of inner-shell DIPs. As MRCI calculations with the cc-pVQZ basis set are not feasible in the case of aminophenol, we got fair estimates of the correlation energies by utilizing the relatively small 6-31G * basis set. The correlation energies are small and their isomer dependence is not well pronounced in comparison to the relaxation energies.
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